In this study, the surface of zirconia (ZrO 2 ) substrates was modified by the combination of plasma treatment and coating with silicon-substituted hydroxyapatite (Si-HA) sols, comprising an expected theoretical Si content of 0 (Si-HA0), 1.70 (Si-HA1), 3.44 (Si-HA2), and 7.01 wt % (Si-HA4) for improving the biological performance of substrate. The Si-HA-coating layers were successfully deposited on the ZrO 2 substrate surface. These coating layers exhibited a three-dimensional interconnected microporous structure and a single-phase crystal owing to HA, implying that the Si content hardly affects the phase composition and microstructure of the coating layers. The dissolution rate of the Si-HA coating layers in deionized water increased with the Si content, which affected the proliferation of mouse calvaria pre-osteoblasts (MC3T3-E1). Cytocompatibility test results revealed that ZrSi-HA2 substrate, which was coated with Si-HA2, promoted the proliferation and differentiation of MC3T3-E1 more rapidly than the other substrates. These results revealed that Zr-Si-HA substrates are ideal biomaterials for bone tissue engineering.
Introduction
Bioceramic materials have been considered to be alternatives to metals for implant applications such as total hip and knee replacement and dental restoration. 1),2) Among bioceramic materials, zirconia (ZrO 2 ) is one of the most important materials owing to its good abrasion resistance and in vivo chemical stability, high mechanical strength and toughness, and biocompatibility.
3) Moreover, a number of studies have revealed that ZrO 2 implants exhibit comparable osseointegration to titanium implants and superior characteristics such as high affinity for bone tissues, non-carcinogenicity, and the lack of oncogenic effects. 4) Despite its favorable biological properties, ZrO 2 exhibits several drawbacks. ZrO 2 does not exhibit direct bone bonding properties or osteoconduction behavior, except that it exhibits morphological fixation with only the surrounding tissues. 5) Recently, methods to modify the ZrO 2 surface, including acid etching, biological coating, and plasma treatment, have been developed to improve inertness of the ZrO 2 surface and promote cellmaterial interaction because biological tissues interact with only the outer implant layers.
2),3),6), 7) Nevertheless, it is difficult to control the conditions for acid etching among these methods; thus, it may cause undesirable chemical changes. Moreover, plasma treatment can only improve the hydrophilicity of the substrate; however, hydrophilicity has often been inconsistent with the enhanced biological activity of substrates.
Meanwhile, hydroxyapatite (HA) has been widely used in medical and dental applications as materials for damaged bones or teeth, important implants, and scaffolding because of its biocompatibility and similarity to the inorganic component of hard tissues in natural bones. 8 ), 9) However, HA exhibits low reactivity with existing bones and an extremely low rate at which bone apposes and integrates with HA. 10) Silicon (Si) is one of the most abundant elements, which may be associated with the initiation of osseous tissue mineralization.
11),12) The concentration of Si released into environment may affect protein secretion and cell survival, apoptosis, and mineralization. In particular, Si-substituted HA (Si-HA) scaffolds exhibit enhanced adhesion and proliferation of osteoblasts compared to pure HA scaffolds. 13) Therefore, silica-based materials demonstrate promise as bone grafting materials.
Surface composition and topography are crucial to the short-and long-term success of implants. Bones and muscles reportedly bond directly to the Si-containing bioceramics with improved bioactivity owing to the presence of Si. 14) Si is found not only to promote collagen synthesis and osteoblast differentiation but also to facilitate bone repair at wounded sites. Therefore, in this study, a simple method to modify the ZrO 2 substrate surface is developed by the combination of plasma treatment and coating with Si-HA sols to improve the bioactivity of the ZrO 2 substrate. In addition, the morphology, chemical structures, and crystalline phases of surface-modified ZrO 2 substrates were systematically examined. Furthermore, the cytotoxicity of surface-modified ZrO 2 substrates was investigated by cell proliferation, alkaline phosphatase (ALP) activity, and osteocalcin expression assays. 4 ], 0.1 N hydrochloric acid (HCl), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) purchased from Sigma-Aldrich Co. (USA) were used without further purification. The mouse calvaria preosteoblast cell line (MC3T3-E1) was obtained from the American Type Culture Collection (ATCC, USA). Alpha minimum essential medium (¡-MEM), fetal bovine serum (FBS), penicillinstreptomycin, and Dulbecco's phosphate-buffered saline (DPBS, pH 7.4) were obtained from Gibco BRL (USA). Mouse osteocalcin enzymelinked immunosorbent assay (ELISA) kits were purchased from MyBioSource (USA). The QuantiChrom· ALP assay kit (DALP-250) was purchased from BioAssay Systems (USA). Other reagents and solvents obtained from commercial sources were used as received.
Experimental

Materials
Preparation of Si-HA sol
Si-HA sols were synthesized as follows. First, mixed solutions of 0.5 M (C 2 H 5 O) 3 PO and 0.5 M TEOS dissolved in ethanol were prepared, and the pH was adjusted to 2 by the addition of 0.1 N HCl at 40°C to hydrolyze TEOS. The molar ratios of (C 2 H 5 O) 3 PO and TEOS were 9:1, 8:2 or 6:4. To these solutions, a specific amount [Ca/(P + Si) = 1.67] of an ethanolic solution of 0.5 M Ca(NO 3 ) 2 ·4H 2 O was added dropwise over 2 h. The mixtures were vigorously stirred at 40°C for 24 h and aged at 60°C for 6 h. The resulting sols were evaporated for 1 h to increase the viscosity and to obtain the sol solutions with a solid content of 80 w/v% ( Table 1 ).
Surface modification of the ZrO 2 substrate
The ZrO 2 substrate surface was modified by the combination of plasma treatment and coating with Si-HA sols.
Non-thermal plasma was generated by self-sustained volume discharge in atmospheric pressure air using 3D +iZET single head air plasma (Applied Plasma Inc., Republic of Korea). The electrode power was driven by a 15-kV DC high-voltage power supply with 30-kHz pulses and an injection air pressure of 30 kPa. Samples were placed on the anode and treated for 1 min. After plasma treatment, the ZrO 2 substrates were dipped into Si-HA sols and spincoated for 20 s, followed by drying at 100°C for 30 min. Dipping-to-drying steps were repeated twice to obtain a uniform, thick coating layer, followed by thermal treatment at 1150°C for 1 h affording surface-modified ZrO 2 substrates. The final products were washed several times with deionized water by ultrasonication before drying under vacuum.
Characterization of surface-modified ZrO 2 substrates
Field-emission scanning electronic microscopy (FE-SEM, S-4300, Hitachi, Japan) images were recorded at an acceleration voltage of 15 kV to examine the morphologies of the surface-modified ZrO 2 substrates. Before SEM observation, all samples were coated with gold by lowvacuum sputter coating for 2 min. For the same samples of FE-SEM, energy dispersive X-ray spectroscopy (EDX) was employed to analyze the change in the elemental composition of the surface-modified Zr substrates on account of coating. An ALPHA spectrometer (Bruker Optics, USA) was used to record attenuated total reflectance Fourier transform infrared (ATRFTIR) spectra at wavenumbers ranging from 400 to 1600 cm ¹1 with a spectral resolution of 4 cm ¹1 . X-ray diffraction (XRD) patterns were recorded on a Panalytical X'Pert Pro X-ray diffractometer (The Netherlands) equipped with Cu K¡ radiation operated at 40 kV and 30 mA to examine the crystalline phases of the surface-modified ZrO 2 substrates. The samples were scanned at 2ª range of 20 to 70°at a rate of 2°/min. X-ray fluorescence spectroscopy (XRF, ZSX Primus II, Rigaku, Japan) was employed to analyze the Si content and Ca/(P + Si) molar ratio of the Si-HA crystals. A contact angle meter (DSA 100, KRÜSS, Germany) was used to measure the contact angle between the water and the external surface of the substrate for the purpose of evaluating substrate hydrophobicity. To minimize experimental error, the contact angles of each sample were measured five times and averaged. A specific surface area analyzer (Autosorb-iQ, Quantachrome Co., USA) was used to measure the specific surface area. a) Experimental Si content and Ca/(P + Si) molar ratio were determined by XRF analysis after thermal treatment of the Si-HA sols at 1150°C for 1 h.
Journal of the Ceramic Society of Japan 126 [11] 940-947 2018 JCS-Japan
Bonding strength test
Before bonding strength test, the surfaces of stripshaped and disc-typed ZrO 2 substrates were coated with Si-HA sols after plasma treatment. After the surfaces of the samples were treated with resin cement (Polyglass Cem·, Vericom Co., Republic of Korea), two strip-shaped substrates were bonded with disc-typed substrate. The bonding strengths of the surface-modified ZrO 2 substrates were assessed with a universal testing system (TO-101, Testone Co., Republic of Korea) using a force load cell of 10 kN capacity. Each sample was tested 5 times at a loading speed of 1.0 mm/min.
Dissolution behavior of surface-modified ZrO 2 substrates
For the dissolution test of the coating layers from surface-modified ZrO 2 substrates, one substrate of each sample was immersed in 1 mL ¡-MEM at 37°C. Supernatants were collected from the solution after 1, 3, 5, and 7 days. The amount of Si ion released from the substrates was determined by measuring the absorption of the samples at 251.611 nm by inductively coupled plasma-optical emission spectroscopy (ICP-OES, Varian 720-ES, USA).
Cell proliferation and differentiation on surface-modified ZrO 2 substrates
A cell viability assay using MC3T3-E1 cells was employed to examine the in vitro cytotoxicity of the surfacemodified ZrO 2 substrates. All cultures were prepared in ¡-MEM supplemented with 10% of FBS and 5% of penicillinstreptomycin. Cells were incubated at 37°C under humidified 5% CO 2 . When the cells reached 80% confluence, they were harvested using 0.25% trypsin EDTA and seeded into a new tissue culture plate for subculture.
Cell proliferation on the surface-modified ZrO 2 substrates was investigated using the MTT assay. Prior to cell seeding, substrates were sterilized in an autoclave at 120°C for 20 min, before rinsing thrice each with DPBS and the culture medium. Further, MC3T3-E1 cells (2 © 10 4 cells/well) were seeded onto the substrate in a 24-well tissue culture plate and cultured for 1, 3, 5, 7 or 14 days at 37°C. To evaluate cell proliferation, 0.2 mL of the MTT solution (5 mg/mL in DPBS) was added to the cultured cells, followed by further incubation at 37°C for 4 h. After removing the remaining medium, 1 mL of dimethyl sulfoxide was added into each well to solubilize the precipitate. Next, 0.2 mL of the obtained supernatant was transferred to a 96-well microplate, and the optical density, which is proportional to the number of viable cells, was measured at 570 nm using a microplate reader (OPSYS-MR, Dynex Technology Inc., USA). To confirm the cell viability on the surface-modified ZrO 2 substrates, the interactions between MC3T3-E1 cells and substrates were observed by SEM. Cultured cells for 5 and 7 days were gently rinsed with DPBS and fixed with 4% glutaraldehyde for 1 h at room temperature. After washing with DPBS, cells were dehydrated using a graded series of ethanol (25, 50, 70 , and 100%). The samples were subjected to critical desiccation, followed by coating with gold for SEM observations.
As an early indicator of the osteoblastic differentiation of the MC3T3-E1 cells during culture on the surfacemodified ZrO 2 substrates, the ALP activity was determined using ALP assay kits. After culture for 5, 7, 14, and 21 days in the osteogenic medium, the cell layer was harvested and treated with 0.2% Triton X-100 cell lysis medium. Cell lysates were subjected to centrifugation at 5000 rpm for 10 min at 4°C. The supernatant was assayed for the ALP activity using p-nitrophenyl phosphate as the substrate. The p-nitrophenol produced in the presence of ALP was quantified on the basis of its absorbance at 405 nm and normalized to 1 © 10 4 cells. The proliferated cell number of MC3T3-E1 cells on the surface-modified ZrO 2 substrates at a specific time was determined using the Vybrant μ MTT cell proliferation assay kit (V-13154, Molecular Probes, USA). The absorbance readout from the MTT assay was converted into cell number using a calibration curve. Osteocalcin, a non-collagenous protein produced by mature osteoblasts during late-stage osteoblastic differentiation, was determined in the media using osteocalcin ELISA kits on days 5, 7, 14, and 21. The absorbance related to the osteocalcin produced at 450 nm was measured using a microplate reader and normalized to 1 © 10 4 cells. Kits were used according to the manufacturer's specifications.
Statistical analysis
All the data were expressed as means « standard deviation. Statistical analyses were performed based on the Student's t-test. Comparison of the different groups and significant difference were determined using SigmaPlot 13.0 (Systat Software, CA) where p* < 0.05, p** < 0.01, p*** < 0.001.
Results and discussion
Fabrication of surface-modified ZrO 2 substrates
The Si-HA coating has been developed to improve the biological performance of biomaterials, which permits direct bone formation on its surface by the attachment, proliferation, and differentiation of bone-forming cells. 15 ), 16) In this study, the surface-modified ZrO 2 substrate was fabricated by the combination of plasma treatment and coating with Si-HA sols. Before surface coating with Si-HA sols, the ZrO 2 substrate surface was treated with air plasma to create a hydrophilic surface for achieving more desirable bonding interaction of Si-HA to the ZrO 2 substrate and fabricating a uniform Si-HA coating layer. Previously, the density of hydroxyl groups on the ZrO 2 surface has been reported to affect the bond strength of ZrO 2 bioceramics with resin composites. 17 ) Figure 1 shows the change in the morphological structure and the hydrophilicity of the ZrO 2 substrate before and after air plasma treatment. The surface morphology was not altered by air plasma treatment because the used
3) However, the hydrophilicity of the ZrO 2 substrate was improved by air plasma treatment, implying that the increased density of hydroxyl groups and the reduction in carbon content on the ZrO 2 substrate surface after air plasma treatment led to the decrease in the contact angle from 73.9 to 24.2°.
17),18)
Surface-modified ZrO 2 substrates were fabricated by coating with Si-HA sols after air plasma treatment. The molar ratios between (C 2 H 5 O) 3 PO and TEOS in Si-HA sols were 10:0 (Si-HA0), 9:1 (Si-HA1), 8:2 (Si-HA2), and 6:4 (Si-HA4), corresponding to 0, 1.70, 3.44, and 7.01 wt % of the expected theoretical Si content in the final product, respectively (Table 1 ). These theoretical values were similar to those obtained from XRF analysis. In addition, the Ca/(P + Si) molar ratios of the Si-HA sols determined by XRF were 1.72 for Si-HA0, 1.73 for Si-HA1, 1.71 for Si-HA2, and 1.68 for Si-HA4. Surface-modified ZrO 2 substrates coated using the Si-HA sols are hereafter abbreviated as ZrSi-HA0, ZrSi-HA1, ZrSi-HA2, and ZrSi-HA4, respectively. The resulting Si-HA coating layers exhibited a three-dimensional interconnected microporous structure, comprising uniform micropores and unequiaxed grains (Fig. 2) . In addition, the surface coating with the Si-HA sols induced the substantial increase in the specific surface area, i.e., 25 cm 2 /g for untreated control ZrO 2 , 939 cm 2 /g for ZrSi-HA0, 971 cm 2 /g for ZrSi-HA1, 964 cm 2 /g for ZrSi-HA2, and 973 cm 2 /g for ZrSi-HA4. However, the ZrSi-HA substrates did not exhibit different specific surface areas. ATRFTIR analysis was carried out to identify the functional groups of the untreated control ZrO 2 and ZrSi-HA substrates, which in turn provided information about the constitution and phase composition of the products. The spectrum of control ZrO 2 substrate presented a peak for ZrO stretching vibration at 621 cm ¹1 [ Fig. 3(a) ].
19)
However, absorption bands were observed at 1087, 1022, and 960 cm ¹1 corresponding to PO stretching vibration modes, in the spectrum of the ZrSi-HA0 substrate coated with pure HA (Si-HA0), and bands observed at 630, 598, and 565 cm ¹1 corresponded to the OPO bending modes. 20) ,21) Moreover, the ZrSi-HA substrates coated with the Si-HA sols containing Si (ZrSi-HA1, ZrSi-HA2, and ZrSi-HA4) exhibited new absorption peaks at 876 and 510 cm ¹1 , corresponding to the SiO stretching vibration and SiOSi bending modes of SiO 4
4¹
, respectively. With increasing Si content, the bands corresponding to the stretching and bending modes of PO 4 3¹ were shifted to lower wavenumbers, and their band intensities gradually decreased, whereas the intensity of the bands corresponding to the stretching and bending modes of SiO 4 4¹ increased.
To verify the fabrication of the ZrSi-HA substrates, the formation of the Si-HA coating layers on the ZrO 2 substrate surface was examined by EDX. The ZrO 2 substrate exhibited only two peaks assigned to O and Zr [ Fig. 3(b) ]. However, three peaks ascribed to O, Zr, P, and Ca were observed for ZrSi-HA0, in which Zr peak was convoluted with the P peak. Moreover, ZrSi-HA1, ZrSi-HA2, and ZrSi-HA4 exhibited a new peak assigned to Si of Si-HA crystals. In particular, the intensity of the peak associated with Si in the EDX spectra increased with the Si content, which was in agreement with the ATRFTIR results. These results revealed the successful deposition of the Si-HA crystals on the ZrO 2 substrate surface.
XRD patterns were recorded to examine the crystalline phases of the Zr-Si-HA substrates (Fig. 4) . These XRD patterns were in agreement with the structural data for HA obtained from the JCPDS database (JCPDS 09-0432), and secondary phases such as tricalcium phosphate or calcium oxide (CaO) were not detected. The incorporation of the Si content up to 7.01 wt % did not affect the HA phase composition. Single-phase Si-HA crystals with different Si contents were formed on the ZrO 2 substrate surface.
Bonding strengths of surface-modified ZrO 2 substrates
The mechanical properties of the ZrO 2 and ZrSi-HA substrates were evaluated on the basis of bonding strength measurements. The obtained bonding strength values are Cha et al.: Surface modification of zirconia substrate by silicon-substituted hydroxyapatite coating for enhanced bioactivity given in Fig. 5 . The bonding strength of the ZrO 2 substrate was improved by the surface coating with the Si-HA sols because of the increased specific surface area and the condensation between hydroxyl groups of coating layers and silicates of resin cement. 17),23), 24) In general, the ZrO 2 substrate is inert and thus bonding strength with resin cement is relatively weak. To solve this problem, the ZrO 2 surface has been modified using various methods such as acid etching, biological coating, and plasma treatment.
2),3),17), 24) In addition, the results revealed a correlation with the samples' chemical composition. ZrSi-HA4 exhibited the highest bonding strength among the investigated samples, which means that the bonding strength is slightly attributable to the Si content in the Si-HA coating layers because of relatively strong chemical bonding formation between silicates of coating layer and resin cement.
17)
Cell proliferation and differentiation
The in vitro cytotoxicity of the ZrO 2 and ZrSi-HA substrates was evaluated for assessing their potential as biomedical materials. The proliferation of mouse calvaria pre-osteoblasts (MC3T3-E1) on the ZrO 2 and ZrSi-HA substrates were assessed using the MTT assay. Timedependent changes in the cellular behavior were observed for all investigated samples (Fig. 6) . Differences in the chemical composition of the substrate surface affected cellular activities. The MC3T3-E1 cells proliferated more rapidly on all Si-containing substrates compared to untreated control ZrO 2 and pure-HA-coated ZrSi-HA0. Among Si-containing ZrSi-HA substrates, significantly greater cell proliferation was observed for ZrSi-HA2 compared to the other substrates at all tested time points. These results were related to the Si content in the Si-HA coating layers and to the dissolution rate of these coating layers, indicating that cell proliferation is affected by the degree of Si substitution.
14)
The dissolution of bioceramics has been reported to play an important role toward the enhancement of bone attachment and cell-layer-associated mineralization.
15),25) Compared to HA bioceramics, Si-HA bioceramics exhibited a higher dissolution rate, and this dissolution rate increased with the Si content, leading to the high bioactivity for Si-HA bioceramics with a high Si content. 15) However, Si-HA with an extremely high Si content rapidly dissolved because of its small crystal size, thereby rendering the surface unfavorable for cell attachment and proliferation. In addition, bioceramics with a high dissolution rate can promote an important change in the local pH because of the high levels of Ca 2+ and PO 4 3¹ released, leading to a mild inflammatory process and to the fibrous encapsulation of the bioceramic material. These phenomena in turn inhibit cell proliferation and bone regeneration. Furthermore, a high Si content can lead to the pronounced decrease in cell proliferation via cell-cycle regulation.
11)
To assess the dissolution rate of the Si-HA coating layers, ZrSi-HA substrates were incubated in deionized water at 37°C for 1, 3, 5, and 7 days. The supernatants were collected from the solutions, and the concentrations of Si ion released from the substrates were analyzed by ICPOES. The results revealed that the dissolution rate of the Si-HA coating layers increases with the Si content. The released concentration of Si within the first day was 0 mg/mL for ZrSi-HA0, 8.2 mg/L for ZrSi-HA1, 13.8 mg/L for ZrSi-HA2, and 25.3 mg/L for ZrSi-HA4 (Fig. 7) . The dissolution rate of the substrates affected the proliferation of MC3T3-E1 cells, as has been mentioned previously. From the result, the dissolution rate of the Si-HA coating layers is critical to cell proliferation; thus, it should be controlled to improve the bioactivity of the Zr Si-HA substrates.
In addition, six test media containing various Si concentrations (0120 mg/L Si) using ¡-MEM and TEOS were prepared to investigate the effect of Si concentration on cell proliferation. The MC3T3-E1 cells proliferated well in test media at Si concentrations ranging from 0 to 80 mg/L during incubation (Fig. 8) . The increased Si concentration until 20 mg/L promoted the enhancement of cell prolifer- ation, whereas the cell proliferation rate was slightly suppressed in media with a Si content of greater than 20 mg/L Si. Particularly, the cell viability in the presence of 120 mg/L Si significantly decreased because high Si concentration can induce the decrease in cell proliferation and an increase in cell death.
SEM was employed to observe the interactions between cells and substrates to confirm the cell viability on the ZrO 2 and ZrSi-HA substrates (Fig. 9) . Cell proliferation increased in a time-dependent manner for all the samples, indicating good biocompatibility of the substrates. After culturing for 5 days, the cells spread over most of the Zr Si-HA2 surface. This result is consistent that obtained from the MTT assay.
The ALP activity has been widely used as an early marker of the osteoblast phenotype, which is upregulated at the onset of osteoblastic differentiation. 12) Thus, the ALP activity is evaluated to determine the MC3T3-E1 progression toward the osteoblast phenotype on the ZrO 2 and ZrSi-HA substrates and normalized to 1 © 10 4 cells. Results revealed that the cells seeded on ZrSi-HA2 express higher ALP activity compared with those seeded on other substrates [ Fig. 10(a) ]. However, because the ALP activity, which represents an early-stage marker of osteoblastic differentiation, is nonspecific to osteoblastic differentiation, a late-stage indicator such as osteocalcin expression should be evaluated to confirm the actual cell phenotype. Figure 10(b) shows the osteocalcin secretion detected in cell culture media for each sample, as measured by ELISA, and normalized to 1 © 10 4 cells. Results revealed that osteocalcin secretion increases in a timedependent manner in all samples. Among the ZrO 2 and ZrSi-HA substrates, ZrSi-HA2 exhibited the highest osteocalcin expression at all time points. These results indicated that the chemical composition and surface characteristics of the substrates significantly affect the MC3T3-E1 cells for the expression of the osteoblast phenotype.
Conclusions
The HA coating on ZrO 2 implants can permit direct bone formation on its surface by attachment, proliferation, and differentiation of bone-forming cells because its chem- Fig. 7 . Si ion concentration as a function of immersion time in deionized water for the dissolution of the Si-HA coating layers from the ZrSi-HA substrates (n = 5). p** < 0.01 and p*** < 0.001 denote statically significant differences from the Zr Si-HA0 control. Fig. 8 . Cell proliferation as a function of culture time for MC3T3-E1 incubated in media containing different concentrations of Si (n = 5). p* < 0.05 and p** < 0.01 denote statically significant differences from the control without Si at each time point. Cha et al.: Surface modification of zirconia substrate by silicon-substituted hydroxyapatite coating for enhanced bioactivity ical composition and crystallographic structure are similar to those of bone minerals. In addition, the inclusion of Si improves the biological activity of HA for bone regeneration applications. In this study, a simple method to modify the surface of the ZrO 2 substrate was successfully developed by combining plasma treatment and coating with Si-HA sols containing different Si contents, leading to the deposition of uniform coating layers of Si-HA on the ZrO 2 substrate. The chemical composition affected the physicochemical properties, dissolution rate, mechanical property, and cytotoxicity of the products. ZrSi-HA2 more effectively supported the MC3T3-E1 proliferation and osteoblastic differentiation compared to the other prepared substrates. The results suggested that this simple method for preparing surface-modified ZrO 2 substrates can aid in the development of new artificial bone materials. 
